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A B S T R A C T   

Tumor vascular normalization profoundly affects the advancement of cancer therapy. Currently, 
with the rapid increase in research on tumor vascular normalization, few analytical and 
descriptive studies have investigated the trends in its development, key research power, present 
research hotspots, and future outlooks. In this study, articles and reviews published between 
January 1, 2003, and October 29, 2022 were retrieved from Web of Science database. Subse
quently, published research trends, countries/regions, institutions, authors, journals, references, 
and keywords were analyzed based on traditional bibliometric laws (such as Price’s exponential 
growth, Bradford’s, Lotka’s, and Zipf’s). Our results showed that the last two decades have seen 
an increase in tumor vascular normalization research. USA emerged as the preeminent contrib
utor to the field, boasting the highest H-index and accruing the greatest quantity of publications 
and citations. Among institutions, Massachusetts General Hospital and Harvard University made 
significant contributions, and Professor RK Jain was identified as a key leader in this field. Out of 
583 academic journals, Cancer Research and Clinical Cancer Research published the most articles 
on vascular normalization. The research focal points in the field primarily include immuno
therapy, tumor microenvironments, nanomedicine, and emerging frontier themes such as meta
bolism and mechanomedicine. Concurrently, the challenges of vascular normalization in cancer 
are discussed as well. In conclusion, the study presented a thorough analysis of the literature 
covering the past 20 years on vascular normalization in cancer, highlighting leading countries, 
institutions, authors, journals, and the emerging research focal points in this field. Future studies 
will advance the ongoing efforts in the field of tumor vascular normalization, aiming to enhance 
our ability to effectively manage and treat cancer.   

* Corresponding author. 
** Corresponding author. 
*** Corresponding author. 

E-mail addresses: xiehanghang0915@126.com (H. Xie), leiting@mail.xjtu.edu.cn (T. Lei), liuhongli@mail.xjtu.edu.cn (H. Liu).   
1 These authors have contributed equally to this work and share first authorship. 

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e29199 
Received 27 December 2023; Received in revised form 1 April 2024; Accepted 2 April 2024   

mailto:xiehanghang0915@126.com
mailto:leiting@mail.xjtu.edu.cn
mailto:liuhongli@mail.xjtu.edu.cn
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e29199
https://doi.org/10.1016/j.heliyon.2024.e29199
https://doi.org/10.1016/j.heliyon.2024.e29199
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 10 (2024) e29199

2

1. Introduction 

Tumors heavily rely on angiogenesis to provide the necessary nourishment for growth [1–4]. Tumor cells secrete various 
pro-angiogenic factors, such as vascular endothelial growth factor (VEGF), fibroblast growth factor 2 (FGF2), and angiopoietin to 
stimulate the abnormal blood vessels growth, which are characterized by disorganization and increased permeability [5–7]. Conse
quently, the resulting blood flow is inadequate, leading to a hypoxic microenvironment that fosters tumor invasiveness and com
promises drug delivery [8,9]. Anti-angiogenic therapy effectively inhibits tumor growth by disrupting the existing vascular system and 
preventing the formation of new blood vessels, thereby depriving the tumor of essential nutrients [9]. Numerous preclinical and 
clinical trials have demonstrated the short-term effectiveness of anti-angiogenic agents in diminishing tumor vessel density, sup
pressing tumor progression, enhancing the efficacy of concurrent chemotherapy. However, prolonged administration of these drugs 
has shown limited and transient therapeutic effects, leading to cancer recurrence, the development of an acidic and hypoxic tumor 
microenvironment, and an increased resistance to anti-angiogenic drugs [10]. 

Jain proposed “vascular normalization”, also known as “vessel normalization”, as a way to revolutionize anti-angiogenic therapy to 
overcome these limitations [11–13]. This theory suggests that an alternative to completely obstructing or inhibiting the growth of 
tumor blood vessels is to normalize their structure and function through anti-angiogenic therapy. Goel et al. subsequently explained 
the mechanisms behind tumor vascular normalization, which involves restoring the balance of pro-angiogenic and anti-angiogenic 
factors in the tumor vascular system [14]. Thus, the concept of a “time window” was established, during which therapeutic drug 
administration exhibits increased efficacy [15]. Notably, vascular normalization facilitates the organized alignment of pericytes, 
impeding intravasation and metastasis of tumor cells and improving the overall tumor microenvironment. Therefore, normalization of 
tumor blood vessels can improve the efficiency of drug delivery, resolve the hypoxic and acidic tumor microenvironment; its appli
cation in cancer therapy exhibits potential for enhancing treatment outcomes. 

The proposal of the theory of “vascular normalization,” along with the official approval of bevacizumab (an anti-VEGF agent) by 
the Food and Drug Administration (FDA), established the era of tumor vascular normalization. In response, the worldwide scientific 
community saw an increase in the establishment of research and development facilities and funding programs, contributing to the 
exponential growth in the field of vascular normalization in cancer exponential growth, with a corresponding increase in related 
publications. Thus, appropriate and systematic analysis strategies are crucial to explore and synthesize the extensive data being 
produced, in order to improve our comprehension of the existing knowledge. At present, numerous reviews have been published on the 
advances and challenges in the tumor vascular normalization field; however, these often lack objective visualized supporting data and 
depend significantly on researchers’ personal interpretation of the disciplinary structure. Therefore, these reviews display a degree of 
heterogeneity and subjectivity, impeding our ability to thoroughly analyze and determine the current status of research and pinpoint 
areas of research interest. Bibliometrics is a quantitative approach that uses mathematical and statistical methods to analyze a sig
nificant amount of literature in a particular research area in a systematic and unbiased manner [16–18], allows investigators to 
efficiently obtain the most up-to-date and relevant information in their area of interest. Mainstream bibliometric software, including 
VOSviewer [19,20], CiteSpace [21,22], and the R package “bibliometric” [23], are tailored to visualize a substantial number of 
publications, enabling quick understanding of emerging trends in the relevant field. Bibliometric analyses also facilitate the identi
fication of top-notch authors, productive research organizations, reputable research subjects, and influential high-quality publications, 
thus speeding up the scientific introduction process. 

Considering these advantages, this study utilized bibliometric analysis to map out the research landscape on tumor vascular 
normalization, including publications, countries/regions, institutions, authors, journals, keywords and references. This systematic 
analysis aimed to establish a comprehensive knowledge base by analyzing the present dissemination of research findings, recognizing 
key research contributors, locating areas of intense research activity, evaluating the current situation, and investigating the cutting- 
edge developments in the field. It will serve as a valuable resource for scholars new to the field, guiding them toward interesting 
avenues for further investigation. Researchers in numerous fields will be able to navigate the breadth of the domain easily with this 
framework. 

2. Research methods 

2.1. Data sources and process 

This study used data from the Science Citation Index Expanded (SCIE) of the Web of Science Core Collection (WoSCC) on October 
29th, 2022. For bibliometric analyses, WoSCC database is considered as the most authoritative and reliable platform; we chose this 
database as our data source for the following reasons [24–26]: 1) using an integrated databases was crucial to ensure a thorough 
analysis because our research topic, vascular normalization in cancer, is a multidisciplinary field that encompasses various disciplines, 
including medicine, pharmacy, and biology; 2) the dataset that was acquired included detailed citation information, facilitating 
knowledge mapping and empowering us to achieve a more profound comprehension of the interrelationships within the field; 3) The 
citation reports provided by WoSCC served as a validation mechanism to guarantee the accuracy and reliability of the findings; 4) the 
datasets did not require format conversion for direct analysis using mainstream bibliometric software, mitigating the potential for data 
corruption or omitted fields and safeguarding data integrity; 5) the SCIE enforced stringent quality control measures for academic 
journals and their associated publications; and 6) the inclusion of journals adhered to Bradford’s Law, ensuring that core publications 
were effectively captured and limiting any potential omissions. 

The study used wildcards to enhance retrieval strategies and generate a more organized and scientific output. The search strategy 
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employed in our study involved the following steps: 1) TS=(vascular normalization OR vessel normalization); and 2) TS=(tumo$r* OR 
sarcoma* OR cancer* OR carcinoma* OR malignana* OR neoplas*). The ultimate dataset = 1) AND 2). The retrieval range for the 
study was between January 1st, 2003, and October 29th, 2022. The original research articles and literature reviews written in English 
for inclusion in this study, whereas literature not in English and irrelevant papers such as letters, meeting abstracts, early access, 
proceedings papers, news items, book chapters, editorial materials, retracted publications, retractions, and corrections were excluded. 
The study incorporated a total of 1602 publications focusing on vascular normalization in cancer, encompassing 1268 original research 
articles and 334 review articles. All 1602 manuscripts, along with their respective references, were downloaded and saved as plain text 
files named “download_txt.” Fig. 1 illustrates the thorough process of searching and selecting. The specific process of searching and 
selecting is shown in Fig. 1. 

2.2. Visualized analysis 

The following bibliometric laws were applied: Price’s law to estimate the annual rate of publications [27], Lotka’s law to identify 
the most prolific authors [28], Bradford’s law to find the core journals [29], and Zipf’s law to estimate the most relevant keywords in 
the dataset [30]. Additionally, the H-index measures the impact of scientific research [31], it represents a scholar with at least H 
publications and at least H citations. 

VOSviewer (version 1.6.19, obtained from http://vosviewer.com/) was used to visualize the cooperation network of countries/ 
regions, institutions, authors, journals, and the co-occurrence of keywords and the co-citation of authors [19]. In the map, various 
nodes correspond to countries/regions, authors, journals, and author keywords. The node size indicates the quantity of publications, 
occurrence frequency, or citation count; the colors reflect different clusters or timeframes; the thickness of the lines indicates the 
intensity of the link, which is assessed using the total link strength (TLS). TLS serves as a comprehensive indicator of overall coop
eration and co-citation among countries/regions, institutions, or authors. 

CiteSpace (version 6.1.R4/R6, obtained from http://sourceforge.net/projects/citespace/), is a recognized and comprehensive 
software for overseeing knowledge domain visualization [21]. We used CiteSpace to analyze co-cited references, timeline maps, top 15 
references with the strongest citation burst, and dual-map overlay of citations. 

R (version 4.2.3), specifically the R-bibliometrix package (version 3.0.3, obtained from http://www.bibliometrix.org/), was used 
to analyze global geographic distributions, H-indices of authors and journals, prolific authors according to Lotka’s Law, and core 
journals according to Bradford’s Law. Biblioshiny, a platform providing a web-based interface for R-bibliometrix, was utilized to 
import data from the WoSCC database and perform visualization analyses. A scientometric web-based platform (http://bibliometric. 
com/) was employed to generate network visualizations map showcasing international collaborations among countries/regions. 
Additionally, Microsoft Excel, GraphPad Prism 6 software, and Origin 2022 were used to construct some of the figures. 

3. Results 

3.1. Publications output and citations 

Based on our search criteria, a total of 1696 publications focusing on vascular normalization in cancer were published between 

Fig. 1. Flowchart of the publications search and selection process.  
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2003 and 2022 in the WOSCC database. After excluding inappropriate papers, 1602 publications, including 1268 articles and 334 
reviews were ultimately extracted (Fig. 1). In Fig. 2, over the last two decades, the output of annual publications on vascular 
normalization in cancer has steadily grown, only a few time points showing deviation, reaching a peak in 2021 (n = 150, 9.36%), and 
the output of annual publications in 2021 was almost 15 times that of 2003 (n = 9, 0.56%). We confirmed that the growth of the 
vascular normalization field followed Price’s Law, with the exponential curve between 2003 and 2021 being defined by the equation y 
= 13.434e0.1474x. Notably, the output of scientific publications in the field increase dramatically from 2000 to 2016, with slight yearly 
fluctuations; however, this growth decreased below Price’s curve after 2017, especially in recent years. As of October 29, 2022, 124 
papers were published in 2022. In total, the extracted publications were cited 90,121 times, which reduced to 80,252 after the removal 
of self-citations, with an average of 56.26 citations per article and H-index is 131. 

3.2. Distribution of countries/regions and academic cooperation 

In this study, 62 nations have participated in the field of tumor vascular normalization; Table 1 and Fig. 3A present details of the top 
10 countries/regions. The United States of American (USA) ranked first in research productivity, with 540 publications and 54,187 
citations. The mean quantity of citations each publication was 100.33, and the H-index was 103. China closely followed with 384 
publications and 10,240 citations. The mean quantity of citations each publication was 26.67, and the H-index was 50. Third was 
Germany with 145 publications and 9271 citations; the mean quantity of citations each publication was 63.94, and the H-index was 49. 
Notably, USA contributed to almost half of the total citations among the top 10 countries/regions. Furthermore, USA exhibited su
perior citation per article and H-index, compared to other countries/regions. These data demonstrate the preeminence of USA in the 
field of vascular normalization in cancer. Fig. 3B illustrates the annual publication output trends of the leading 10 countries/regions 
from 2003 to 2022. USA produced the greatest annual quantity of publications until 2017, when China surpassed them. Fig. 3C 
presents a geographical distribution map according to the cumulative quantity of publications from each country; these were primarily 
published in North America, European, and Asia nations. Fig. 3D represents the collaborations between countries/regions, the thicker 
lines indicating stronger connections and increased cooperation. USA most frequently cooperated with other countries/regions in the 
field, followed by China. Additionally, Germany had the strongest connection with the USA. Fig. 3E reveals the 38 nations that were 
included in analyzing global collaboration using VOSviewer, with a minimum threshold of >5 publications. TLS represents the 
thickness of the lines connecting nodes, indicating the strength of international cooperation; the leading three countries with the 
highest TLS were USA (TLS = 314), Germany (TLS = 156), and China (TLS = 129). 

3.3. Most active and productive institutions 

During the study period, 1916 institutions participated in the field of vascular normalization in cancer. Table 2 provides an 
overview of the leading 10 institutions according to their quantity of publications; these institutions collectively contributed 645 
publications, accounting for 40.26% of the extracted articles. Massachusetts General Hospital was the largest contributor with 85 
(5.31%) articles; second and third were Harvard University and Harvard Medical School, with 71 (4.37%) and 35 (2.18%) total ar
ticles, respectively. Regarding as citations, Harvard University ranked first with 26,690 citations and an average of 375.92 citations per 
article; Massachusetts General Hospital was second with 25,672 citations and an average of 302.02 citations per article. Among these 
leading 10 institutions, four were from USA and the others from China, England, Belgium, and Cyprus. Fig. 4 depicts the cooperation 
visualization network map of institutions that have published >5 publications in the field, generated by VOSviewer; institutions with 
no connections were excluded from the visualization, and the links between institutions represent their cooperative relationships. A 
total of 170 institutions were represented in the network, categorized into 14 clusters according to the intensity of their collaboration. 
The largest node in terms of size and TLS was Massachusetts General Hospital, with 85 publications and a TLS of 165. Thus, the articles 
published by Massachusetts General Hospital had the greatest influence, despite this institution ranking second in citation count and 

Fig. 2. Number of annual publications and citations related to vascular normalization in cancer from 2003 to 2022. A fitting of an exponential 
growth curve to the annual publication data was performed based on Price’s Law. 

H. Xie et al.                                                                                                                                                                                                             



Heliyon 10 (2024) e29199

5

citations per article. Stronger connections were noted more frequently between agencies than between nations. Massachusetts General 
Hospital worked closely with numerous domestic research institutions, such as Harvard University and Harvard Medical School, as 
well as with organizations from Cyprus, the Netherlands, and other nations. 

3.4. Most prolific authors and co-cited authors 

Our analysis identified 10,046 principal investigators and 39,381 co-cited authors. According Lotka’s Law and calculated by R- 
Bibliometrix, the proportion of authors who published one article on vascular normalization in cancer was 81.8%, which was higher 
than the 60% expected by Lotka’s Law (Fig. 5A). Table 3 presents the leading 10 published and co-cited authors on tumor vascular 
normalization. The leading 10 most prolific authors collectively proffered 273 articles, accounting for 17.04% of the extracted pub
lications. RK Jain ranked first with 75 publications and 18,365 citations, followed by DG Duda with 34 publications and 8430 citations 
and T Sylianopoulos with 30 publications and 4671 citations. The H-index was calculated using Bibliometrix software and used to 
quantify the impact and influence of a researcher’s work. Table 3 shows that RK Jain had the highest influence, boasting an H-index of 
59, trailed by DG Duda at 25, and P Carmeliet at 21. Fig. 5B displays the visualization network map of co-authorship. Each node 
corresponds to an author, with node size indicating the associated quantity of published articles. Links between authors indicate their 
cooperative relationships. The visualization included 55 authors with >5 papers each, forming 8 author clusters; RK Jain had the most 
collaborators, primarily with American researchers. In contrast, Chinese investigators had limited cooperation in this field. To analyze 
co-citations, Fig. 5C shows the network of 277 authors who were cited >30 times. Node size reflects the quantity of citations per 
author, and links reflect the co-citation relationships between authors; TLS reflects the influence of an author on peers in the field. The 
author most commonly co-cited was RK Jain (2356 citation, TLS = 53,185), followed by P Carmeliet (813 citation, TLS = 17,361) and J 
Folkman (556 citations, TLS = 12,085). 

3.5. Analysis of core journals and co-cited journals 

A total of 583 journals published articles on tumor vascular normalization. Bradford’s Law [29] posits that scientific journals can be 
ranked according to their productivity within a specific research area, which can be categorized into three distinct zones, each con
taining an equal total quantity of publications. Utilizing the bibliometrix tool, we identified the core zone (referred to as zone 1), which 
included 27 journals that published 534 (33.3%) articles (Fig. 6A, Tables 4 and 5). The top 10 of these core source journals published 
310 papers, representing 19.35% of the total of 1602 publications (Table 4). The journal that contributed the highest quantity of 
relevant papers was Cancer Research, with 53 publications (3.31%), followed by Clinical Cancer Research (40 publications, 2.50%) and 
PLoS One (36 publications, 2.25%). These three journals are classified into Q1 and Q2 categories based on the 2021 Journal Citation 
Reports standards and their respective impact factors. The impact factors of the leading 10 journals spanned from 3.752 to 13.801. 
Furthermore, Cancer Research had the most H-index, with a score of 39, trailed by Clinical Cancer Research at 28 and PLoS One at 20. 
Notably, the journal PNAS had the highest quantity of citations per article, despite being ranked eighth in terms of the total quantity of 
publications; this is consistent with its H-index. 

Additionally, we charted the annual publication trends of the leading 10 journals to gain a more specific understanding of the 
changing patterns in the quantity of articles published between 2003 and 2022 (Fig. 6B). The graph reveals that Cancer Research 
exhibited the highest annual growth rate in published articles, followed by Clinical Cancer Research and PLoS One. The remaining 
journals also contributed publications throughout the last decade. Furthermore, employing VOSviewer, a co-citation analysis was 
conducted on journals receiving ≥20 citations. The leading five journals with the strongest TLS were Cancer Research (TLS = 470,414), 
PNAS (TLS = 257,362), Nature (TLS = 231,260), Cancer Cell (TLS = 228,566), and Clinical Cancer Research (TLS = 218,973), as 
depicted in Fig. 6C. 

3.6. Distribution of journal topics in tumor vascular normalization 

The dual-map overlay of journals was constructed as a visual representation of the topic distribution in each journal. Fig. 7 shows 

Table 1 
The top 10 countries/regions contributing to vascular normalization in cancer.  

Rank Country/region No. of publications No. of Citations Citations per article H-index TLS 

1 USA 540 54187 100.33 103 314 
2 CHINA 384 10240 26.67 50 129 
3 GERMANY 145 9271 63.94 49 156 
4 JAPAN 110 3328 30.25 32 75 
5 ITALY 97 4275 44.07 35 76 
6 ENGLAND 95 6918 72.82 37 100 
7 FRANCE 85 3111 36.6 29 78 
8 CANADA 79 3546 44.89 27 63 
9 BELGIUM 71 8742 123.13 36 74 
10 NETHERLANDS 60 3905 65.08 34 76 

TLS: Total link strength. 
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the dual-map overlay of citing and cited journals, with three main reference paths, represented by green and orange lines, illustrating 
the flow of knowledge. Specifically, the citing journals principally focused on immunology, molecular biology, medicine, and clinical 
research. In contrast, the majority of the cited articles derived from journals whose scope centered around genetics, health, molecular 
biology, medicine, and nursing. 

3.7. Analysis of co-cited references 

Table 6 presents a summary of the top 10 co-cited references on tumor vascular normalization; the selected articles were published 
between 2004 and 2018. Among them, those titled “Normalization of tumor vasculature: an emerging concept in antiangiogenic 
therapy,” authored by RK Jain in 2005, and “Mutual regulation of tumor vessel normalization and immunostimulatory 

Fig. 3. (A) The number of publications, total citations ( × 100), average citations per article, and H-index of the top countries/regions. (B) The 
changing trend of the annual number of publications from top 10 countries/regions between 2003 and 2022. (C) The geographic distribution map 
displaying the global distribution of vascular normalization in cancer. Different colors indicate the number of articles published in different 
countries/regions. The darker the color, the more the country has published. (D) The international cooperation’s visualization map of countries/ 
regions in the related field. The thickness of the lines reflects the frequency of the cooperation. The thicker the line, the robuster the cooperation 
between two countries/regions. (E) The countries/regions’ citation network visualization map was produced by VOSviewer. Different node rep
resents different countries/regions, and the size of the node represents the number of publications. The lines between the nodes reflects a citation 
relationship, and the thickness of the lines reflects the citation strength. (For interpretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.) 
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reprogramming,” published by XHF Zhang in 2017, gained the highest quantity of co-citations, with 133 of each article. Moreover, 
within these top 10 co-cited references, RK Jain is listed as the corresponding author of 8 references. 

Employing CiteSpace, we generated a co-cited references network map and the subsequent cluster analysis revealed the existence of 
21 distinct clusters (Fig. 8A). The modularity Q value of 0.7309, Mean Silhouette value of 0.8869 suggested that the clustering was 
valid, as both values exceeded 0.5. The first cluster was labeled “immunotherapy” (#0), demonstrating the relationship between 
immunotherapy and vascular normalization in cancer. The second cluster was labeled “drug delivery” (#1), indicating a focus on 
deliverying therapeutic agents. The third cluster was labeled “interstitial fluid pressure” (#2), highlighting the significance of inter
stitial fluid pressure in vascular normalization. 

Furthermore, we constructed a co-cited references timeline visualization map to provide insights into the evolution of the topic 
(Fig. 8B) [32]. In this visualization, nodes on the same line are distinguished by different colors to represent various years; the leftmost 
nodes correspond to early references, whereas nodes on the right side represent more recent publications. Our analysis revealed that 
“interstitial fluid pressure,” “acidosis,” and “capillary remodeling” were among the earlier topics in the study of vascular normalization 
in cancer, whereas the current themes focus on “immunotherapy,” “metabolism,” and “mechanomedicine.” 

A publication has been commonly cited over a significant period of time as demonstrated by Citation bursts, signifying its 
importance in the field [33]. We utilized CiteSpace to identify the top 25 publications with the strongest citation bursts. As shown in 
Fig. 8C, the 2005 article by RK Jain in Science [11] had the strongest citation burst, trailed by the 2011 paper by Goel et al. in 

Table 2 
The top 10 institutions with most publications related to vascular normalization of cancer.  

Rank Institution Country No. of publications No. of Citations Citations per article TLS 

1 Massachusetts general hospital USA 85 25672 302.02 165 
2 Harvard university USA 71 26690 375.92 129 
3 Harvard medical school USA 35 2617 74.77 70 
4 Catholic University of Louvain Belgium 33 5893 178.58 61 
5 Sun Yat-Sen University China 31 1590 51.29 43 
6 University of Oxford England 30 1446 48.20 23 
7 University of Cyprus Cyprus 28 3630 129.64 59 
8 University of Texas MD Anderson Cancer Center USA 28 2472 88.29 36 
9 Sichuan University China 28 630 22.5 11 
10 Fudan University China 27 566 20.96 34 

TLS: Total link strength. 

Fig. 4. A cooperation visualization network map of institutions with more than 5 documents on vascular normalization in cancer was produced by 
VOSviewer. Institutions that had no cooperation with others were excluded from the visualization network map. One node represents an institution, 
its size represents the number of publications. The links between institutions represents their cooperation relationships in the specific field. The 
thickness of links represents the intensity of cooperation between institutions. 
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Fig. 5. (A) Lotka’s Law to calculate the correlation of the number of authors with the articles published (by using R-bibliometrix). Solid black line 
indicates the distribution of published articles according to the Lotka’s law. The dotted line indicates the publication on subject matter. The solid 
and the dotted lines almost overlap, suggesting the publication trend in vascular normalization in cancer follows the law. (B) The network visu
alization co-authorship map of authors in the field was produced by VOSviewer. One node represents an author, with node size representing the 
number of documents published by the researcher. The links between authors represent their cooperation relationships. (C) The network visuali
zation map of co-cited authors involved in the field was produced by VOSviewer. The size of the node represents the number of citations of author, 
the links reflects the co-cited relationship between authors. Total link strength (TLS) reflects the influence of author’s published papers on other 
authors involved in specific field. 

Table 3 
The top 10 most prolific authors contributed to vascular normalization of cancer.  

Rank Author No. of publications No. of Citations Citations per article H-index TLS Co-cited author Citations TLS 

1 Jain RK 75 18365 244.87 59 269 Jain RK 2356 53185 
2 Duda DG 34 8430 247.94 25 166 Carmeliet P 813 17361 
3 Sylianopoulos T 30 4671 155.7 20 92 Folkman J 556 12085 
4 Carmeliet P 29 6599 227.55 21 51 Huang YH 444 10927 
5 Fukumura D 24 6203 258.46 20 113 Winkler F 401 8567 
6 Munn LL 18 4708 261.56 15 97 Goel S 374 8323 
7 Batcheloe TT 18 4059 225.50 16 78 Ferrara N 354 9013 
8 Martin JD 17 3597 211.59 11 72 Tong RT 341 7037 
9 Huang YH 16 2049 128.06 15 55 Batchelor TT 297 8870 
10 Ganss R 12 839 69.92 9 19 Hanahan D 295 668 

TLS: Total link strength. 

H. Xie et al.                                                                                                                                                                                                             



Heliyon 10 (2024) e29199

9

Physiological Reviews [15] and the 2004 paper by Winkler et al. in Cancer Cell [34]. 

3.8. Analysis of keywords 

According to Zipf’s Law, research hotspots can be established through the analysis of high frequency author keywords, allowing 
readers to quickly identify and prioritize research topics of interest [30]. Fig. 9A shows the scattered distribution curve of keyword 

Fig. 6. (A) Core source journals analysis according to Bradford’s law. Journal rank (on a log scale) against cumulative articles (by using R-bib
liometrix). One third of the articles in the field lie in the zone of core journals. (B) The changing trend of the annual publication quantity in the top 
10 journals created by R-bibliometrix. (C) A visualization network map of journals that were co-cited in more than 20 citations was produced by 
using a VOSviewer. The size of the node represents the number of citations of journal, the links reflects the co-cited relationship between journals. 
Total link strength (TLS) reflects the influence of journal published papers on other journal involved in specific field. 

Table 4 
The top 10 core source journals with most publications in zone 1 related to vascular normalization of cancer.  

Rank Journal No. of publications No. of Citations Citations per article H-index JCR (2021) IF(2021) 

1 Cancer Research 53 5806 109.55 39 Q1 13.312 
2 Clinical Cancer Research 40 2792 69.80 28 Q1 13.801 
3 Plos One 36 1370 38.06 20 Q2 3.752 
4 Cancers 34 256 7.53 8 Q1 6.575 
5 Frontiers in Oncology 33 688 20.85 11 Q2 5.738 
6 Scientific Reports 28 660 23.57 14 Q2 4.996 
7 Journal of Controlled Release 23 932 40.52 14 Q1 11.467 
8 Pnas 23 3490 151.74 20 Q1 12.779 
9 Oncotarget 21 739 35.19 17 None None 
10 British Journal of Cancer 19 678 35.68 14 Q1 9.075  
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Table 5 
According to Bradford’s law, the 583 journals were classified into zones 1–3.  

Zone No. of journals No. of publications Percentages 

1 27 534 33.3% 
2 128 541 33.8% 
3 428 527 32.9% 
Toal 583 1602 100%  

Fig. 7. A dual-map overlay of academic journals related to vascular normalization of cancer produced by CiteSpace software. The left side of the 
map positions the citing journals, while the right side displays the cited journals. Distinct colored lines illustrate how the citing and cited journals are 
connected through the reference paths; the width of these lines indicates the frequency of citations, which are represented by z-score scaling to 
emphasize the strength of the citation relationships. 

Table 6 
The top 10 co-cited references of vascular normalization of cancer.  

Rank Title Count Journal IF 
(2021) 

CorrespondingAuthor Years 

1 Normalization of tumor vasculature: an emerging concept in 
antiangiogenic therapy 

133 Science 63.714 Jain RK 2005 

2 Mutual regulation of tumour vessel normalization and 
immunostimulatory reprogramming 

133 Nature 69.504 Xiang H–F Zhang 2017 

3 Normalization of the vasculature for treatment of cancer and other 
diseases 

120 Physiological 
reviews 

46.5 Jain RK 2011 

4 Antiangiogenesis strategies revisited: from starving tumors to 
alleviating hypoxia 

113 Cancer cell 38.585 Jain RK 2014 

5 Principles and mechanisms of vessel normalization for cancer and 
other angiogenic diseases 

111 Nature reviews. 
Drug discovery 

112.288 Jain RK 2011 

6 Tumor angiogenesis and vascular normalization: alternative 
therapeutic targets 

92 Angiogenesis 10.658 Jain RK 2017 

7 Normalizing tumor microenvironment to treat cancer: bench to 
bedside to biomarkers 

89 Journal of clinical 
oncology 

50.717 Jain RK 2013 

8 Kinetics of vascular normalization by VEGFR2 blockade governs brain 
tumor response to radiation: role of oxygenation, angiopoietin-1, and 
matrix metalloproteinases 

88 Cancer cell 38.585 Jain RK 2004 

9 Vascular normalization by vascular endothelial growth factor receptor 
2 blockade induces a pressure gradient across the vasculature and 
improves drug penetration in tumors 

81 Cancer research 13.312 Jain RK 2004 

10 Enhancing cancer immunotherapy using antiangiogenics: 
opportunities and challenges 

79 Nature reviews. 
clinical oncology 

65.011 Jain RK 2018  
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frequencies in the field of tumor vascular normalization; the overall curve shows a decreasing trend, with frequency decreasing as the 
rank order increases. We found that the scatter plot best fit the power function y = 78.33x− 0.581, which conformed to Zipf’s word 
frequency distribution trends. In addition, Fig. 9B shows the logarithm curve of keyword frequency distribution, and the scattered line 
can be approximated by the linear relationship R2 = 0.9747. Therefore, the frequency pattern of keywords in the field of tumor 
vascular normalization was essentially consistent with Zipf’s Law. 

Notably, keywords encompass the major themes and topics of a publication. Therefore, we constructed a keywords network map 
using VOSviewer; Fig. 10A demonstrates that the keywords were grouped into five clusters (red, green, blue, yellow, and purple). 
Specifically, Cluster 1 (red) consisted of 13 items, including vascular normalization, immunotherapy, hypoxia, cancer, and tumor 
angiogenesis. Cluster 2 (green) included 12 items, such as angiogenesis, bevacizumab, VEGF, tumor vascular normalization, and 
biomarkers. Cluster 3 (blue) consisted of 11 items, including tumor microenvironment, chemotherapy, drug delivery, extracellular 
matrix, and nanoparticles. Cluster 4 (yellow) contained 7 items, including angiogenesis inhibitors, combination therapy, and tumor 
vessel normalization. Cluster 5 (purple) consisted of 4 items, such as cancer therapy and nanomedicine, among others. 

Fig. 8. (A) The visualization cluster map of co-cited references was generated by using a CiteSpace. Each circle represents a reference, and circles 
with the same color represent a cluster with the same topic. (B) The visualization timeline view of reference co-cited analysis was generated by using 
a CiteSpace. The position of each circle on the horizontal axis indicates the time point of the first appearance, the size of the circle represents the 
total number of it was cited, and the circle on the same line represents a cluster with the same topic. The lines connecting the nodes represent co- 
cited relationships. (C) Top 25 references with the strongest citation bursts were generated by using a CiteSpace. The strength value represents the 
strength of citation bursts. The red bars indicate the duration of the bursts. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 9. (A) Scattered distribution curve of keywords frequency in the field of tumor vascular normalization. The horizontal axis represents keyword 
ranking, and the vertical axis represents keywords frequency. Solid red line indicates the distribution of published according to the Zipf’s Law. The 
scatter blue indicates the publication on subject matter. (B) Logarithm curve of keywords frequency distribution in the field of tumor vascular 
normalization. The horizontal axis represents the logarithm of keywords ranking, the vertical axis represents the logarithm of keywords frequency. 
The dotted red line indicates the distribution of published according to the Zipf’s Law. The scatter blue indicates the publication on subject matter. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 10B displays the overlay visualization map of author’s keywords, with blue representing the early-stage keywords and orange 
the more recent ones. Notably, “bevacizumab,” “VEGF,” “anti-angiogenesis,” and “interstitial fluid pressure” were the main keywords 
used early on, whereas “immunotherapy,” “tumor microenvironment,” and “nanoparticles” emerged as hot topics recently. Addi
tionally, the analysis of trend topic can help portray the inception and integration of trends rooted in the previous flow [35]. According 
to the occurrence frequency of keywords, we constructed the trend topic map using R-Bibliometrix software (the minimum word 
frequency = 10, words per year = 4, Fig. 10C). This findings indicated that “immunotherapy” emerged in 2020, and “nanoparticles” 
emerged in 2017 in the field of tumor vascular normalization. “Immunotherapy,” “nanoparticles,” and “extracellular matrix” had the 
highest frequency in 2020, whereas “tumor microenvironment” had the highest frequency in 2019. 

Fig. 10. (A) The network visualization map of keywords was produced by using a VOSviewer. (B) The overlay visualization map of keywords was 
produced by using a VOSviewer. The nodes marked blue or purple color represent the relatively earlier keywords, while yellow color represented the 
recent keywords. (C) Trend topics in the field of vascular normalization in cancer was generated by using a R-bibliometrix. The X-axis represents the 
year, while the Y is the cumulate occurrences of the keywords. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Table 7 
The top 10 key research powers with the most publication on vascular normalization in cancer.  

Rank Countries/regions Institutions Authors Journals 

1 Usa Massachusetts general hospital Jain RK Cancer Rresearch 
2 China Harvard university Duda DG Clinical Cancer Research 
3 Germany Harvard medical school Sylianopoulos T Plos One 
4 Japan Catholic University of Louvain Carmeliet P Cancers 
5 Italy Sun Yat-Sen University Fukumura D Frontiers in Oncology 
6 England University of Oxford Munn LL Scientific Reports 
7 France University of Cyprus Batcheloe TT Journal of Controlled Release 
8 Canada University of Texas MD Anderson Cancer Center Martin JD Pnas 
9 Belgium Sichuan University Huang YH Oncotarget 
10 Netherlands Fudan University Ganss R British Journal of Cancer  
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4. Discussion 

4.1. General information 

As the world of information explodes, it is increasingly difficult to stay up to date with all the latest findings in a field of interest. To 
synthesize the global study on the function of vascular normalization in cancer research, we employed a bibliometric analysis using 
publications between 2003 and 2022, thereby providing a novel and comprehensive summary of the knowledge base, research trends, 
and emerging topics in specific study areas. A total of 1602 articles from 583 journals and 80,252 co-cited references were included in 
the analysis after excluding studies that did not meet the screening criteria. The top 10 key research powers with the most publications 
on vascular normalization in cancer are summarized in Table 7. 

Academic publications are a key indicator of a field’s developing trends [36]. Overall, between January 1, 2003, and October 29, 
2022, publications related to vascular normalization in cancer gradually increased. A notable increase in publications in this field 
occurred from 2000 to 2016, with slight fluctuations yearly. This is attributed to significant scientific advances in the field throughout 
this period; specifically, RK Jain introduced the groundbreaking theory on vascular normalization, which has shown promising 
therapeutic outcomes in patients with clinical tumors. Subsequently, this theory attracted significant interest, which led to refinement 
in our understanding of normalized vascular structure and function. In addition, several anti-angiogenic agents have been approved by 
the US FDA for the treatment of cancer patients. Interestingly, although the number of publications declined slightly in 2017, 2018 saw 
a resurgence, possibly owing to data implying coordinated regulation with concomitant immune checkpoint blockade (ICB) and 
anti-angiogenesis, suggesting potential synergistic treatment strategies. However, the number of publications fell below Price’s curve 
in the last three years, which may be due to the COVID-19 pandemic, among other reasons. 

In terms of international involvement, approximately 62 countries/regions and 1916 institutions have published on vascular 
normalization in cancer. The cumulative sum of publications. citations and the H-index, serve as pivotal metrics indicative of the 
national research level and scholarly influence. As shown in Table 1 and Fig. 3, the leading 10 contributors on tumor vascular 
normalization include two North American (the USA and Canada), two Asian (China and Japan), and several European countries 
(Germany, Italy, England, France, Belgium, and the Netherlands). USA exhibited the highest H-index and quantity of publications and 
citations within this domain because of its robust biomedical foundation, extensive financial backing, and substantial availability of 
investigators and institutions. 

Among the leading 10 institutions, four were from the USA, and Harvard University and Massachusetts General Hospital ranked 
highest in terms of citations. These findings highlight the significant contributions of the USA, Massachusetts General Hospital, and 
Harvard University, establishing them as leaders in the field of vascular normalization in cancer. In addition, China demonstrated 
notable and rapid growth, surpassing the USA in terms of publication volume since 2017. This surge may be attributed to growing 
healthcare demands, increased government support, and advancements in biological treatment. Furthermore, USA has fostered 
extensive international collaborations, particularly with China (Fig. 3). However, the cooperation between other countries, especially 
developing countries, is currently limited. Developing countries should encourage active participation in research, strengthen inter
national collaborations, and disseminate high-quality academic articles for the advancement of relevant disciplines. Overall, almost all 
of the top 10 countries/regions and top 10 institutions are located in North America, Europe and Asia, and except for China, all are 
developed countries. There is a discernible correlation exists between academic productivity and economic strength, suggesting that 
developed nations and prestigious institutions possess a substantial advantage and exert considerable influence within the research 
landscape. 

Lotka’s Law evaluates the productivity and disciplinary attention of individual investigators. Based on Lotka’s Law, RK Jain was the 
most productive contributor, with 75 publications, and has played a vital role in promoting tumor vascular normalization research. 
Notably, six of the top 10 most prolific authors were affiliated with Harvard Medical School and Massachusetts General Hospital. 
Interestingly, the proportion of authors that published only one article on tumor vascular normalization was 81.8%, which was higher 
than the predicted 60%. The results of this study indicate widespread attention has been paid to the field of vascular normalization in 
cancer, although the number of prolific authors was still limited, with a certain degree of independence among researchers. In terms of 
co-cited authors, the top 10 individuals with ≥30 co-citations have significantly impacted the field of vascular normalization in cancer. 
RK Jain held the highest rank with 2356 co-citations, followed by P Carmeliet and J Folkman. RK Jain is widely recognized for his 
influential contributions in introducing the concept of “vascular normalization”, emphasizing the appropriate dosage of anti- 
angiogenic treatment. P Carmeliet has contributed to the understanding of VEGF’s role in tumor angiogenesis, with implications 
for cancer treatment that target anti-angiogenic pathways. Initially, Folkman identified angiogenesis as one of the key procedure that 
promote cancer progression and metastasis. The groundbreaking discovery led to the proposal of anti-angiogenesis as a novel ther
apeutic approach for cancer treatment, facilitating the development of anti-angiogenic drugs for clinical use. 

Examining journal publication rates and their co-citations can provide valuable insights to assist with the selection of appropriate 
journals for manuscript submission [37,38]. According to Bradford’s Law, 27 nuclear source journals were categorized into zone 1, 
having published one third of the extracted articles in the field of tumor vascular normalization (Fig. 6A–Table 5). Among the top 10 
journals, Cancer Research, Clinical Cancer Research, and PLoS One emerged as the three most productive journals in the domain 
(Table 4). Thus, these journals are recommended for the submission of new articles. Our findings revealed that the Journal of Cancer 
Research and Journal of Clinical Cancer Research have been publishing articles on vascular normalization since 2003 (Fig. 6B); we also 
observed a notable surge in the annual publication count for the journal Cancers beginning in 2018. Fig. 6C shows that Cancer Research 
emerged as the journal with the highest frequency of co-citations, followed by PNAS, Nature, Cancer Cell, and Clinical Cancer Research. 
These results show the positive influence that these journals have over other journals in this specific field. As a result, papers published 
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in these journals are more likely to be noticed, cited, and have a significant influence on the future research landscape, and prioritizing 
the examination of these papers is imperative to remain updated on the latest advancements. Lastly, in current journal publications, 
“genetics” and “molecular biology” were frequently cited in the context of “medicine,” “medical,” and “clinical,” indicating a pre
vailing emphasis on clinical research. 

4.2. Knowledge base 

An article’s significance in a particular field increases proportionally to its number of citations. Hence, citing the most influential 
publications can serve as a metric of knowledge within the specific field. Based on Table 6, the most cited articles included seven 
reviews and three basic research studies. In terms of publication timelines, three articles (two basic research studies and one review) 
were published between 2000 and 2005 (early stage), four were reviews published between 2011 and 2014 (middle stage), and three 
(two reviews and one basic research study) were published between 2017 and 2023 (recent stage). 

The three papers authored by RK Jain during the early stage primarily addressed elucidating the concept and mechanism of tumor 
vascular normalization, as well as strategies for achieving vascular normalization. These articles are particularly noteworthy for their 
crucial role in advancing the field and have significantly contributed to the clinical application of VEGF receptor 2 pathway inhibition. 
Of these papers, the one titled “Normalization of tumor vasculature: an emerging concept in anti-angiogenic therapy” was the most 
frequently cited and primarily focused on reviewing emerging evidence supporting the temporarily restoration of the abnormal tumor 
vasculature by the administration of anti-angiogenic agents. It placed particular emphasis on VEGF signaling in achieving this 
normalization [11]. The second and third most co-cited papers, “Kinetics of vascular normalization by VEGFR2 blockade governs brain 
tumor response to radiation: role of oxygenation, angiopoietin-1, and matrix metalloproteinases” and “Vascular normalization by 
vascular endothelial growth factor receptor 2 blockade induces a pressure gradient across the vasculature and improves drug pene
tration in tumors,” respectively, clarified the mechanisms involved in inducing tumor vascular normalization through VEGFR2 
pathway inhibition. Specifically, the former paper demonstrated increased pericyte coverage in brain tumor vessels resulting from 
VEGFR2 blockade using DC101, a monoclonal antibody. This increase was achieved through upregulation of angiopoietin 1 and 
degradation of the pathologically thickened basement membrane via matrix metalloproteinase activation. These effects created an 
optimal period for radiation therapy. The latter paper determined that DC101-mediated VEGF signaling pathway inhibition decreased 
interstitial fluid pressure, resulted in a hydrostatic pressure gradient across the vascular wall, and ultimately allowed therapeutic 
agents to penetrate deeper into tumors tissues [34,39]. These studies provided a solid foundation for the theory of tumor vascular 
normalization. 

During the middle stage, four comprehensive reviews authored by RK Jain provided a thorough elucidation of the pathophysio
logical intricacies of tumor angiogenesis, encompassing its molecular underpinnings, functional repercussions, limitations, and po
tential clinical applications of tumor vascular normalization. The papers titled “Normalization of the vasculature for treatment of 
cancer and other diseases” and “Principles and mechanisms of vessel normalization for cancer and other angiogenic diseases,” pub
lished in 2011, offered a comprehensive overview of these topics [14,40]. In 2013, the article titled “Normalizing tumor microen
vironment to treat cancer: bench to bedside to biomarkers” introduced potential biomarkers for anti-VEGF resistance, including 
circulating soluble VEGF receptor 1 and the chemokine stromal cell-derived factor-1 alpha. Elevated pre-treatment levels of these 
biomarkers predict reduced effectiveness of bevacizumab in combination with chemoradiotherapy in various cancer types, including 
rectal carcinoma, glioblastoma, triple-negative breast cancer, hepatocellular carcinoma, and metastatic colorectal carcinoma [41]. In 
2014, the article titled “Anti-angiogenesis strategies revisited: from starving tumors to alleviating hypoxia” emphasized the signifi
cance of mitigating hypoxia via the administration of anti-angiogenic agents to enhance the efficacy of tumor treatment. Additionally, 
the article explored alternative approaches to impede tumor angiogenesis, such as targeting endothelial cell metabolism and oncogenic 
pathways [42]. These reviews further elaborated on the strategies and related mechanisms of inducing tumor vascular normalization 
and increased the potential of its clinical application. 

Considering the adverse effects associated with anti-VEGF therapy, such as an increased risk of both venous thrombosis and tumor 
metastasis, the 2017 publication by B Larrivée titled “Tumor angiogenesis and vascular normalization: alternative therapeutic targets” 
presented alternative therapeutic targets for achieving tumor vascular normalization, including angiopoietin signaling, platelet- 
derived growth factor-B, bone morphogenetic protein signaling, vascular endothelial-cadherin, and hypoxia-inducible factor 1alpha 
[9]. The 2018 Nature publication titled “Mutual regulation of tumor vessel normalization and immunostimulatory reprogramming” 
emphasized the significant impact of Th1 cells in facilitating vascular normalization. Th1 cells were found to alter the cytokine milieu, 
which subsequently influenced pericyte recruitment and promoted vascular normalization [43]. Consequently, the process of vascular 
normalization led to the recruitment of tumor-infiltrating lymphocytes, thereby altering the immune landscape in a mutually regu
latory feedback loop. Additionally, the paper speculated that Th1 cells could serve as a marker for assessing the efficacies of ICB and 
anti-angiogenic therapies. The 2018 paper titled “Enhancing cancer immunotherapy using antiangiogenics: opportunities and chal
lenges” by RK Jain primarily elucidated the functions of VEGF and angiopoietin 2 on fostering immune evasion and progression within 
tumors. Additionally, the study delved into the potential of blood vessels normalization to transition the immunosuppressive tumor 
microenvironment into an immunostimulatory milieu [44]. At this stage, the field of tumor vascular normalization is relatively 
mature, some alternative therapeutic targets have been discovered, and the potential for concomitance with immunotherapy has been 
explored. 

Collectively, these top 10 extensively referenced sources offer a comprehensive survey of tumor vascular normalization, encom
passing various underlying mechanisms, evaluating the potential advantages and constraints of clinical implementation, and 
contemplating future scientific and therapeutic advancements. 
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Despite the conclusion of the majority of the observed citation bursts, a few persist, with a predominant focus on the integration of 
anti-angiogenesis and immunotherapy, particularly ICB via programmed cell death protein 1 (PD-1)/programmed death ligand 1 (PD- 
L1)”. This observation suggests sustained progress in recent years, as depicted in Fig. 8C. 

4.3. Research hotspots and frontiers 

Within bibliometrics, the analysis of co-cited references and author keyword co-occurrences offer valuable perspectives on the 
main research trends and areas of focus, essential for a thorough understanding of the field’s evolution. 

A field’s major themes and emerging patterns can be effectively highlighted by high frequency keywords. Five clusters were 
enriched after the keyword co-occurrence analysis Fig. 10A), which were named according to the Synthetic Knowledge Synthesis 
method [45]. Cluster 1 (red) depicted the correlation between immunotherapy and tumor vascular normalization. This cluster con
tained the keywords vascular normalization, immunotherapy, hypoxia, cancer, tumor angiogenesis, anti-angiogenesis, and hepato
cellular carcinoma, among others. Immunotherapy has emerged as a highly hopeful strategy to prevent cancer progression [46,47], 
and the intricate interplay between angiogenesis and immunotherapy displays a complex relationship. An anti-angiogenic agent are 
capable of stimulating the immune system, thereby reducing the immunosuppressive milieu, while conversely, immunotherapy exert 
inhibitory effects on angiogenesis. In a preclinical investigation utilizing a murine cancer model, the combined inhibition of VEGFA 
and angiopoietin 2 with the bispecific antibody A2 V was found to significantly augment the therapeutic outcomes of antitumor 
intervention. Specifically, the administration of A2 V facilitated the perivascular accumulation of T cells, leading to normalized blood 
vessels, activated tumor-infiltrating CD8+ T cells, and increased antigen presentation. Furthermore, A2 V in combination with 
anti-PD-1/PD-L1 antibodies has exhibited potential anti-tumor effects, including the prolongation of anti-angiogenesis [48]. In 
addition, blood vessel normalization can be achieved by cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) and PD-1 ICB in 
various models of transplanted tumors due to increased accumulation of Th1 CD4+ cells and antitumor activity. Recently, blockade of 
the CD93 pathway was shown to normalize tumor vascular to facilitate immunotherapy. Furthermore, anti-CTLA-4 treatment pro
moted the accumulating eosinophils resulting in the normalization of breast tumor blood vessels [49]. These results demonstrate the 
positive and influential role of immunotherapy on tumor vascular normalization. Therefore, researchers or clinicians should consider 
the combination of both approaches to enhance the anti-tumor effect, when anti-tumor angiogenesis or immunotherapy drugs alone 
demonstrate limited efficacy or encounter drug resistance. 

Cluster 2 (green) was associated with bevacizumab and its anti-cancer effects, encompassing keywords such as angiogenesis, 
bevacizumab, VEGF, anti-angiogenic therapy, tumor vascular normalization, and glioma. VEGF is a key factor in cancer angiogenesis, 
and bevacizumab, a VEGF inhibitor, is commonly used to promote tumor vascular normalization. Lower doses of bevacizumab used 
have the ability to temporarily normalize cancer blood vessels, decrease blood vessel density, and enhance perfusion, establishing a 
therapeutic window for improved drug delivery [40]. Compared with atezolizumab (a PD-L1 inhibitor) alone, combination therapy 
with bevacizumab increased progression-free survival (PFS) of patients suffer from Hepatocellular carcinoma [50]. An atezolizumab 
and bevacizumab trial involving metastatic renal cell carcinoma showed similar results [51], demonstrating the key role of bev
acizumab on tumor vascular normalization. 

Cluster 3 (blue) concerned the topic of tumor microenvironment, included the keywords tumor microenvironment, tumor 
perfusion, extracellular matrix, drug delivery, nanoparticles, and chemotherapy, among others. This aligns with the mounting body of 
evidence establishing the tumor microenvironment as a intricate milieu that might play a contributory role in cancer growth, 
angiogenesis, and metastasis [52]. The tumor microenvironment is typically characterized by hypoxia and acidic pH levels, these 
conditions are associated with aberrant vascular structure. Hypoxia triggers an overexpression of proangiogenic factors, particularly 
VEGF [53–55], and the dysregulation of pro- and anti-angiogenic factors fosters the abnormal development of tumor blood vessels. 
Moreover, the acidic nature of the tumor microenvironment has been found to promote immunosuppression. For example, acidic pH 
levels inhibited CD8+ T cell differentiation and function by interferon-gamma (IFN-γ) inactivation and suppression of tumor necrosis 
factor alpha (TNF-α), resulting in a state of anergy in those cells [56–58]. Additionally, acidic pH levels activated and transformed 
tumor-associated macrophages (TAMs) into pro-tumor M2 cells [59]. However, hypoxia and acidic microenvironment can be directly 
mitigated by normalizing the tumor vascular system, which can promote the transformation of TAMs into anti-tumor M1 type and 
facilitate CD4+ and CD8+ T cells infiltration [60]. Interestingly, scholar T Nomura has described an immunotherapy strategy utilizing 
dendritic cells (DCs) in a mouse with B16/BL6 melanoma model; in this model, lung metastasis was effectively suppressed by pro
phylactic vaccination with DCs that were pulsed with lysates of tumor endothelial cells isolated from metastatic lung cancers [61]. 
These studies show that the tumor microenvironment is a focal point on tumor vascular normalization. Thus, in animal models or cell 
culture studies, the addition of specific immune cells, like DCs, CD8+ T cells, eosinophils, along with cytokines like TNF-γ and TNF-α, 
could be regarded as a promising approach for stimulating tumor vascular normalization. 

Cluster 4 (yellow) summarized the use of anti-angiogenic combination therapies to facilitate tumor vascular normalization. The 
cluster included the keywords angiogenesis inhibitors, combination therapy, tumor vessel normalization, and endothelial cells, among 
others. At present, several therapeutic agents have been shown to induce tumor vascular normalization, including bevacizumab, small- 
molecular multikinase inhibitors, and PD-1 inhibitors. In combination, these drugs have a synergistic effect on vascular normalization. 
For instance, the combination of anlotinib and PD-1 checkpoint inhibitors helped to prolong the duration of vascular normalization, 
eventually inducing neuroblastoma regression [62]. The combination of astragali polysaccharide and curcumin induced vascular 
normalization, thereby leading to the inhibition of hepatocellular carcinoma progression [63]. Consequently, a growing quantity of 
clinical trials investigating the effectiveness of combination therapies have been conducted in recent years. Compared with the control 
group, patients receiving atezolizumab and bevacizumab-based chemotherapy exhibited significantly improved both overall survival 
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and PFS in a phase 3 clinical trial designed IMpower150 (NCT02366143) [64]. Similarly, a phase 3 trial (NCT02684006) provided 
evidence supporting the enhanced therapeutic efficacy of avelumab plus axitinib in patients suffer from RCC, demonstrating significant 
improvements in median PFS and objective response rates compared with sunitinib treatment [65]. Thus, the future research emphasis 
on tumor vascular normalization is no longer confined to inhibiting tumor angiogenesis alone. To enhance treatment efficacy, further 
exploration of combination therapies is recommended, particularly those involving immunotherapies such as immune checkpoint 
inhibitors. 

Cluster 5 (purple) represented the role of nanomedicine in tumor vascular normalization. This cluster contained the keywords 
cancer therapy, nanomedicine, normalization, and tumor vasculature. Abnormal vascular system in the tumor contributes to the 
formation of the malignant tumor milieu, providing a foundation for tumor cell growth and metastasis. Tumor vascular normalization 
corrects this abnormal state, which may recover the normal tumor blood vessels function, enhance perfusion and oxygen index, 
improve the delivery and effectiveness of drugs. Nanomedicines, as perfect vehicles with flexible and modifiable biomaterials, can 
more easily restore cancer vessels, perform combined delivery, and modify the tumor immunosuppressive environment. One such 
example features nitric oxide (NO), which can regulate angiogenesis and maintains vascular normalization; low-dose NanoNO, a 
nanoscale carrier, has been shown to normalize cancer vascular through delivering NO and shifting the immunosuppressive tumor 
microenvironment into an immunostimulatory one [66]. Similarly, gold nanoparticles were shown to deliver recombinant human 
endostatin to normalize tumor vasculature and improve cancer therapy [67]. Therefore, nanoparticle therapy is a promising addition 
to current vascular-targeting strategies. Moreover, the combination therapy strategies, based on nanotechnology, involve 
co-delivering various vascular-normalizing drugs (cluster 4) to maximize the “starve tumor” effect and combining them with 
immunotherapeutic drugs in a single nanoplatform. This approach has the capability to increase the anti-tumor impact and offer an 
option for preclinical targeted cancer therapy. Currently, numerous nanomedicines aimed at normalizing tumor blood vessels have 
been extensively investigated in preclinical studies. However, the clinical use is still limited, primarily due to the shortage of specific 
molecules that target cancer blood vessels, making it difficult for them to achieve full targeting of tumor blood vessels [68]. 

Notably, Fig. 10B demonstrates that these identified research topics, including “immunotherapy,” “tumor microenvironment,” and 
“nanoparticles,” emerged as research focal topics in recent years. Furthermore, the trend topic analysis showed that the term of 
“nanoparticles” emerged in 2017, and “immunotherapy” in 2020 on tumor vascular normalization research. “Immunotherapy,” 
“nanoparticles,” “extracellular matrix” had the highest frequency of use in 2020, whereas “tumor microenvironment” peaked in 2019. 
These results indicate that investigators increasingly focused on these keywords in 2019 and 2020. These findings align with the results 
obtained from VOSviewer. 

Furthermore, the evolution of literature clusters over time (Fig. 8B) revealed that initial study primarily concentrated on the 
pathological attributes of vascular normalization, including “interstitial fluid pressure,” “tumor hypoxia,” “acidosis,” and “capillary 
remodeling,” whereas current research hotspots have shifted to “immunotherapy,” “metabolism,” “angiogenesis,” and “mechano
medicine.” Thus, earlier studies primarily focused on elucidating the underlying characteristics of tumor vascular normalization, and 
significant advancements have been achieved in this field. Currently, abnormal blood vessels have been identified as playing a key role 
in inducing hypoxia and acidosis within the tumor microenvironment. Under these adverse environmental conditions, tumor cells and 
stromal cells may modify their metabolism to satisfy the increased energy requirements and drive accelerated tumor growth, thereby 
antagonizing the blood vessels normalization effect induced by anti-angiogenic agents. However, recent advances have confirmed that 
the metabolism of tumor endothelial cells can be reprogrammed. Targeting endothelial metabolic pathways, such as those involving 
phosphoglycerate dehydrogenase or through blocking the glycolytic activator pfkfb3, can induce tumor vascular normalization 
[69–71]. These findings indicate that targeting endothelial metabolic pathways is a frontier area in the field of tumor vascular 
normalization. Although basic research and clinical diagnosis and treatment of tumors have focused on unveiling their complex 
biological features, the exploration of their physical properties has been relatively limited. However, tumor growth causes notable 
physical changes in tumors and surrounding tissues, highlighting the increasing importance of studying the physical characteristics of 
tumors. Falling under the topic of mechanomedicine, the extracellular matrix drives the generation of solid pressure, resulting in 
increased tumor hardness and structural changes, which in turn promotes tumor development [72]. Recent advances have confirmed 
that mechanical stress plays a key role in tumor growth and angiogenesis, it can also mediate resistance to anti-angiogenic therapy 
[72–74]. This provides a new strategy for inducing tumor vascular normalization. Therefore, the concept of “mechanomedicine” can 
be considered a new paradigm in the knowledge field of tumor vascular normalization, which will undoubtedly offer an invaluable 
option for clinical cancer treatment in the future. 

With the continuous technological advancement of anti-angiogenic therapy, research on the application of tumor blood vessels 
normalization has also significantly advanced. However, many urgent concerns remain to be solved, some of which are as follows. 1) 
High-dose and long-duration anti-angiogenic treatment or concomitance with immunotherapeutic drugs cannot completely extend the 
vascular normalization window. Thus, there is a crucial necessity to refine the dosage, duration, and order of agent usage. 2) Given the 
inherent heterogeneity of tumors, the responses of individual patients to different anti-angiogenic inhibitors can vary significantly. 
Hence, identifying and validating reliable and highly sensitive biomarkers is crucial. These biomarkers can play a pivotal role in 
guiding clinical treatment strategies and ensure their effectiveness. 3) Specific target molecules for tumor blood vessels must be 
identified to enhance drug delivery efficiency in nanomedicine and achieve complete targeting of the tumor vasculature. 4) Although 
various technologies and strategies have been devised to verify the effectiveness of anti-angiogenic therapy, and identify the optimal 
time frame for tumor vascular normalization, a consensus remains elusive. Further clinical trials and comprehensive data are required 
to confirm validity of these techniques. In addition, new technologies, such as liquid biopsy or imaging technologies, require further 
exploration to guide precision therapy. 5) The mechanisms of drug resistance and the side effects need to be addressed. 6) The 
multiscale mechanical characteristics of tumors also need to be explored. These challenges highlight the urgent need for 
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multidisciplinary collaborations to overcome technical and application barriers. Through addressing these challenges, the realm of 
tumor vascular normalization can unleash its complete potential to transform the landscape of cancer therapy. 

Currently, vascular normalization is increasingly being recognized as an adjunctive treatment approach for cancer and other 
vascular disorders. A recent bibliometric study showed that most publications on VEGF therapy are in the field of ophthalmology, 
followed by oncology and other diseases [75]. Another bibliometric study identified endovascular therapy as a prominent area of focus 
in research on vascular calcification [76]. In addition, a recent study proposal suggests that vascular normalization could potentially 
improve the vascular system of patients with COVID-19 [77]. Although many articles and reviews have been published on the topic of 
tumor vascular normalization, most publications have focused on the mechanisms and application of vascular normalization in cancer, 
and the efficacy of anti-angiogenic drugs in combination with other drugs. Thus, we aimed to clarify and synthesize the research 
pertaining to tumor vascular normalization, covering trends in publication, key research powers, and focal investigative points. These 
discoveries enable the researchers to identify new concepts and directions that will propel future research on tumor vascular 
normalization. 

5. Limitations 

This study represents the first bibliometric attempt to provide a comprehensive overview of the current state and progress on tumor 
vascular normalization. The findings of this study could be a valuable source for healthcare professionals and researchers engaged in 
this particular field. Furthermore, we employed bibliometric tools to comprehensively assess the existing literature from various 
perspectives. Nevertheless, we acknowledge that there are multiple limitations. First, this study restricted the inclusion criteria to 
articles published between 2003 and 2022; furthermore, the literature extracted for 2022 was incomplete, potentially resulting in the 
exclusion of key publications or unpublished areas of interest. Consequently, conducting subsequent analyses with broader inclusion 
criteria is imperative to ensure a more objective evaluation of the findings. Second, our literature search exclusively relied on English 
language sources, potentially inadvertently omitting articles published in other languages. Additionally, exclusively utilizing the 
WoSCC database may have excluded relevant studies available in other databases, resulting in a selection bias. Third, the search bias 
produced by several Boolean operators “OR” may lead to the omission of few certain scholarly publications within this field. Fourth, 
despite utilizing multiple software tools to analyze various content, the analysis fell short of offering a complete portrayal of the 
articles pertaining to vascular normalization in cancer. Nevertheless, we maintain that this literature-based bibliometric study can, to a 
considerable extent, enable scholars to grasp the research focal points and evolutionary patterns concerning vascular normalization in 
the context of cancer. 

6. Conclusions 

The present study employed bibliometric approaches to systematically collect and analyze worldwide publications in the field of 
tumor vascular normalization from the past two decades, encompassing international collaborations, distribution of academic output, 
focal areas of research, and emerging trends. These results are vital to aid in accurately identifying areas of inquiry to make relevant 
advancements in the field. According to this report, the global distribution of scientific output is currently uneven, with developed 
countries/regions dominating the field, and USA is prominent with their superior academic impact. Furthermore, our study identified 
present research hotspots, including immunotherapy, tumor microenvironment, and nanomedicine, as well as emerging hotspots, 
including metabolism and mechanomedicine. With continued scientific, medical, technological, and societal progress, the field of 
tumor vascular normalization is expected to make significant advances, thereby greatly facilitating research discoveries and trans
lation of tangible clinical applications. 
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